Abstract Introduction Mortality for infants born with very-low birthweight (VLBW, 500-1499 grams) is markedly higher than for babies born with normal birthweight (2500-4000 grams). Although these high-risk infants show better outcomes in advanced care settings, only 80 % of VLBW infants born in South Carolina (SC) are delivered in hospitals with a level-III neonatal intensive care unit (NICU). The purpose of this research project was to assess geographic access to delivery hospitals and risk of neonatal death among singleton VLBW infants born in SC. Methods The linked birth and death records of a cross-sectional, population-based study of singleton VLBW infants born in SC between 2010 and 2012 were used (n = 2030). We assessed the impact of travel time from maternal residence to delivery hospital. Logistic regression modeling was performed with adjustments for maternal, newborn, and hospital characteristics. Results The neonatal mortality rate among singleton VLBW infants was 11.03 deaths per 100 live births in 2010-2012. We did not find a significant association between travel time to delivery hospital and neonatal mortality after adjusting for confounders. However, we found that a 1-week increase in gestational age (odds ratio (OR): 0.61) and non-Hispanic black mothers (versus non-Hispanic white mothers) (OR: 0.68) were associated with lower odds of neonatal death, whereas non-NICU admission at birth (OR: 5.90) was associated with increased odds of death. The results of the sensitivity analyses including both singleton and multiple births did not yield significant results for travel time and neonatal mortality in VLBW infants. Discussion Although we found no significant association between travel time and neonatal mortality in singleton VLBW births in SC, we identified significant factors consistent with those found in previous studies that may affect neonatal mortality.
Introduction
Healthcare access has an important role in population health. The Institute of Medicine (IOM) defines access as ''the timely use of personal health services to achieve the best possible health outcomes'' [22] . The IOM also outlines three types of barriers that threaten such timely access: structural, financial and personal [22] . Of particular interest to this research study, structural barriers focus on the availability, organization and transportation components to accessing health services.
The system of regionalized perinatal care was established by the March of Dimes Foundation in 1976 for the purpose of impacting infant mortality through organized, systematic care that would grant high-risk mothers and infants access to specialized medical services and treatment [19] . The March of Dimes Foundation developed guidelines on hospital-level designations within perinatal systems based on the type of specialized care provided. There are three categories outlined: levels I (basic), II (intermediate) III (advanced), with some states having additional other levels [19] . For high-risk neonates, level-III facilities are most capable of providing necessary services and are recommended for the delivery of all very low birth weight (VLBW) infants [US Department of Health and Human Services (DHHS) [29] ]. Numerous studies have shown that premature and VLBW infants have better health outcomes in advanced-care hospitals [5, 30] . In a meta-analysis on perinatal regionalization and neonatal mortality among VLBW and very preterm (B32 weeks) infants, Laswell et al. [18] reported a 62 % increase among VLBW and 55 % increase among very preterm infants in neonatal or pre-discharge mortality if they were born outside of level III hospitals compared with those born in level III hospitals. The impact of risk-appropriate care was even more pronounced among infants weighing less than 1000 grams. When restricted only to adequate and highquality studies, the results remained significant. An earlier study assessing neonatal mortality in South Carolina births by perinatal level of hospitals reported lower mortality for infants born in level III versus level I and II perinatal hospitals [21] . Despite these recommendations and empirical evidence, only 80 % of VLBW infants born in SC in 2012 were delivered in a level-III facility (SC DHEC, n.d.).
Prematurity (\37 weeks) and low birthweight (\2500 g) are the two leading causes of infant deaths in the United States [20] ; SC DHEC [27] . In the US, 12 % of all infants born in 2010 were premature [20] ; 8.2 % of infants born in 2010 had low birthweight, and 1.47 % had very low birthweight (VLBW; \1500 g) [20] . Mortality in VLBW births, a small number in all births, yet accounts for more than half of all infant deaths in the United States [20] . The infant mortality rate in the state of South Carolina (SC) is higher than the national average: 7.4 deaths and 6.14 deaths per 1000 live births, respectively [20] ; S.C. Department of Health and Environmental Control [SC DHEC] [27] . The majority of infant deaths occur during the neonatal period or within 28 days of birth [20] ; SC DHEC [27] .
Geographic information systems (GIS) are useful for modeling access to care or health-seeking behaviors. Distance measures have been used in studies evaluating access to emergency services, primary care and health services related to disease screening [3, 4] ; [10] ; [14] ; [16] ; Yamashita and Kunkel [31] . Delmelle et al. [7] analyzed geographic differences in one-way travel time and distance between maternal residence at delivery and hospitalization locations for urban and rural-dwelling infants with spina bifida. They found infants with spina bifida living in rural areas in Florida experienced travel times almost twice as high compared to those living in urban areas. Few studies have assessed travel time to maternity and pediatric healthcare services and studied its impact on infant mortality [6] ; Dummer & Parker, [8, 11] ; [23] ; [24] ; [25] ; [28] . Of those studies that utilized a distance-or time-based measure of access, there were vast differences in sample size, exclusion/ inclusion criteria and geographic region of study. Studies also defined the outcome and exposure variables differently. Such differences may have contributed to inconclusive results. The objective of this study was to investigate the association between travel time to delivery hospitals and neonatal mortality among VLBW infants (500-1499 grams) born in SC between 2010 and 2012.
Methods

Study Design and Data Source
We utilized a cross-sectional, population-based study design to analyze associations between travel time from maternal residence to delivery hospital and neonatal death. Data were obtained from linked birth and death certificate records provided by SC Department of Health and Environment Control (DHEC) for all VLBW live births in SC between 2010 and 2012. Birth and death certificate records were linked with hospital of delivery and were de-identified by SC DHEC before release.
Study Population
The study population initially included 3191 VLBW births that occurred in SC to resident mothers between 2010 and 2012. Among them, an estimated 563 deaths occurred during the neonatal period (\28 days). We excluded births occurring out of state (n = 283), home births (n = 24), births occurring in a non-licensed perinatal hospital (n = 1), multiples (n = 619) infants with birthweight \500 grams (n = 175), gestational age \20 weeks (n = 30), term pregnancies (n = 16), and births with missing values for variables included in analyses (n = 13). The resulting analytical sample comprised 2030 singleton VLBW (500-1499 g) live births, with pregnancy durations between 20 and 36 weeks (see Fig. 1 ) and 224 neonatal deaths.
Dependent and Independent Variables
The dependent variable is all-cause neonatal mortality, defined as death within 28 days of birth. The death record provides cause of death based on the International Classification of Diseases, 10th Revision.
The main independent variable of interest is travel time (minutes) from maternal residence to delivery hospital, being categorized as \30, 30-59 and 60 min or more [7] . Travel time calculations were derived using ArcGIS Version 10.2 (ESRI, Redlands, CA) via the Network Analyst Extension. The physical address of the mother was place of residence provided on the birth certificate. The physical addresses of the perinatal delivery hospitals were provided by the SC Hospital Association. A total of 97 % of all resident births that occurred in SC were geocoded to the maternal residential address reported on the birth certificate. The remaining 3 % were geocoded to a zip code centroid. Perinatal level designations were based on the Division of Health Licensing Regulations at DHEC [13] : levels I, II, II Enhanced, III and III Regional Perinatal Center (RPC). Hospital level designations are regulated by the South Carolina Department of Health and Environmental Control and must meet both obstetric and neonatal requirements. The requirements address annual birth volume, staffing of maternal and neonatal subspecialists, and the capacity to provide advanced level of care. Levels II and II Enhanced were combined into one category for analyses, as were levels III and III RPC [21] .
Covariates
The characteristics of the study population were obtained from the birth and death records for each infant. Maternal characteristics were retrieved from the newborn's birth record, including race (non-Hispanic white, non-Hispanic black, and Hispanic or other), age in years (\18, 18-34,C35), previous live births (0, 1, C2), gestational hypertension (yes or no), gestational diabetes mellitus (yes or no) and smoking (yes or no). Newborn characteristics retrieved from birth and death records included gestational age (very preterm: 20-33 weeks; preterm: 34-36 weeks), gender (male or female), neonatal intensive care unit (NICU) admission at birth (yes or no), age at death and cause of death. Birthweight was not additionally adjusted for due to its high correlation with gestational age (r = 0.81, p value: \0.0001) in this relatively homogeneous VLBW population. Hospital characteristics retrieved from birth records included hospital of delivery.
Statistical Analysis
Associations were tested using Chi square tests for categorical variables and one-way analysis of variance (ANOVA) for continuous variables. Travel time and maternal factors (maternal race and age, previous live births, gestational hypertension, gestational diabetes mellitus and smoking), newborn factors (gestational age, gender and NICU admission at birth) and hospital-level factors (level-III delivery hospital) were tested individually for interaction. For example, the interaction model included travel time, maternal age and a travel time by maternal age interaction term. Significance was tested with Wald tests at the 0.05 level. Simple logistic regression models were performed for the crude analysis of travel time with neonatal death (Model I). Model II adjusted for all possible confounding factors. Models III and IV adjusted for variables significant at a p-value of \0.1 and \0.05, respectively. P-values \0.05 were considered statistically significant. Sensitivity analyses were performed to include deliveries resulting in both singleton and multiple births using the Generalized Estimating Equations (GEE) model with compound symmetry variance structure. Each of the four models were repeated. All statistical analyses were performed in SAS version 9.3 (SAS Institute, Cary. NC).
Results
Overall Neonatal Mortality
There were 3191 live births and 563 deaths among VLBW (\1500 grams) infants in SC between 2010 and 2012 (results not shown).The overall neonatal mortality rate was 17.64 deaths per 100 live births. The neonatal mortality rate was higher for 2011 (18.42 
Neonatal Mortality in the Analytic Sample
The analytic sample included 2030 live, singleton births, with 224 resulting in neonatal deaths (Table 1) , for a mortality rate of 11.10 deaths per 100 live births. The mean age of mothers in the sample was 26.37 years. More than half of mothers in the sample were non-Hispanic black (58.82 %). With the exception of maternal age, maternal race, previous live births, and smoking status, neonatal mortality rates differed by gestational hypertension (p \ 0.0001) and gestational diabetes mellitus (p = 0.02). The mortality rate was highest for infants with a lower gestational age at birth (p = 0.02), male infants (p = 0.02) and those not admitted to the NICU at birth (p \ 0.0001). The majority of infants were born in a level-III hospital (81.87 %); however, the neonatal mortality rate was highest for infants not born in a level-III hospital (p \ 0.0001).
Travel Time from Maternal Residence to Delivery Hospital
In our sample, 56.80 % of mothers traveled less than 30 min to the delivery hospital, 23.50 % traveled 30-59 min, and 19.70 % traveled more than 60 min or more (Table 2) . Non-Hispanic black mothers were more likely to travel 60 min or more (22.19 %) (p \ 0.0001) compared to non-Hispanic white mothers (15.73 %) and Hispanic and other mothers (18.18 %) . Mothers who delivered in a level-III hospital were more likely to travel 60 min or more (21.84 %) (p \ 0.0001) than mothers who did not (10.05 %).
Regression Analyses
Interactions with travel time were individually tested for all possible confounders. None was statistically significant at the 0.05 level. Crude and adjusted odds ratios predicting neonatal death among VLBW (500-1499 g) infants are presented in Table 3 Sensitivity analyses were performed to include deliveries resulting in both singleton and multiple births (n = 2582) using the Generalized Estimating Equations (GEE) model with compound symmetry variance structure. There were a total of 275 neonatal deaths in the sample. The results of the crude and adjusted analyses did not yield significant results for travel time and neonatal death among singleton vs. singleton plus multiple births samples (data not shown).
Discussion
In our assessment of the impact of travel time from maternal residence to delivery hospital among singleton VLWB births (500-1499 g) in a high-risk infant group, we found no significant association between travel time and neonatal mortality among VLBW infants in SC. However, we found other significant correlates of neonatal mortality in this high-risk population. Increased gestational age and non-admission to a NICU at birth increased the risk of neonatal death, which are also noted in previous studies assessing neonatal mortality [5, 2] . Of note, for infants born near the lower gestational age limits of viability, the physician's decision to admit to the NICU at birth may depend on factors such as the likelihood of survival and the appropriateness of intervention [1] . Therefore, NICU admission at birth may favor neonates born closer to term with promising survivability. Among singleton births, Cifuentes et al. [5] reported a significant reduction in the odds of neonatal mortality for infants weighing less than 1250 grams that were transferred to a regional NICU. Their results became insignificant as birthweight increased.
Having been transferred from one hospital to another, which is common in emergency births, is not verified in the birth certificates from which our data were derived. The purpose of the regionalized perinatal system is to impact birth outcomes among high-risk neonates and it is recommended that all VLBW births occur in a level III hospital. We found that birth in a level III hospital was associated with neonatal death, however, when also controlling for NICU admission at birth and other factors, birth in a tertiary hospital did not reach significance. Our study also showed decreased odds of neonatal death among non-Hispanic black as compared to non-Hispanic white mothers after adjusting for maternal and newborn factors; neonatal mortality rates were also lowest for nonHispanic black mothers. Bacak et al. [2] reported similar findings in a study conducted among extremely low birthweight infants. In separate studies analyzing racial differences in infant death, non-Hispanic black mothers exhibited higher rates of neonatal mortality compared to other racial groups; however, these differences were not significant after adjusting for maternal and newborn characteristics [12, 17] . Unlike in prior studies, our sample did not include infants \500 grams or those born before 20 weeks of gestation, which we found comprise a higher proportion of births and subsequent deaths to non-Hispanic black mothers, potentially explaining the differences in findings. Non-Hispanic black mothers exhibit higher rates of neonatal mortality than mothers of other racial groups among all neonatal deaths (not solely those among VLBW infants), primarily because of a higher prevalence of prematurity and low birthweight among African-American infants [20] ; SC DHEC [27] . Although the leading causes of death are relatively the same for all racial groups, disorders related to short gestation and low birthweight are the leading causes of neonatal death and death under 1 year of age for infants born to non-Hispanic black mothers, whereas congenital anomalies are the primary cause of death among infants born to non-Hispanic white mothers [20] ; SC DHEC [27] . This study is consistent with Combier et al. [6] , Dummer and Parker [8] and Moisi et al. [23] , who found that travel time was not associated with neonatal mortality, whereas studies by Grzybowski et al. [11] , Okwaraji et al. [24] , Ravelli et al. [25] and Schoeps et al. [28] found a significant association of travel time with mortality under 5 years of age and perinatal mortality (stillbirths and neonatal deaths). However, direct comparisons are not warranted for several reasons. All the aforementioned studies except Ravelli et al. [25] focused on rural populations outside the US, where mode of transport, travel times and availability and use of emergency ambulatory services likely differ. The dependent variable was defined differently between studies as well, which included perinatal [8] ; [11, 23] , infant [6, 24] and under-5 mortality [24, 25, 28] . Beyond maternal and newborn factors, several studies adjusted for social and environmental factors [6] ; [8] ; [11, [23] [24] [25] . Unique to our study was our focus on access to care for a high-risk infant group.
This research study utilized linked birth and death data files. Linked data are advantageous in that multiple maternal and neonatal characteristics can be assessed concurrently. For this reason, detailed analyses can be performed to evaluate neonatal mortality against sociodemographic differences, some behavioral practices and care at birth.
In many other studies, travel time was calculated using centroid data, postal code or other distance algorithms in which averaged or central points serve as the basis for measurements [6] ; [8] ; [23] . Travel time measures in our study were based on the mother's address at the time of birth, which is a more precise measure of travel time from home to hospital [15] . Another strength of our study was our ability to control for maternal, neonatal and hospitallevel factors. Mortality in the neonatal period is most closely associated with demographic characteristics, health behaviors and environmental factors of the mother during pregnancy. For instance, after adjusting for sample characteristics, we found that important mortality risk factors included gestational age, maternal race and non-NICU admission at birth. We also found differences in neonatal mortality by gestational hypertension, gender, and hospital of birth.
However, we are aware of some limitations in this study. First, the derived travel time measures in our study may extend or fall short of actual travel times of the mother at the beginning of labor. The trip to the delivery hospital may have been hindered by accidents, detours or other unexpected vehicular travel circumstances. Delmelle et al. [7] also notes this as a limitation in his study. After reaching the delivery hospital, mothers may have also experienced a delay in receiving medical attention and care. Longer travel times may not indicate seclusion from health services but rather the necessity for advanced medical care, in this case, level-III perinatal hospitals. Tertiary delivery hospitals have the appropriate medical staffing and equipment to care for high-risk neonates such as VLBW infants. Although birth in a level III hospital was not associated with neonatal death when controlling for other factors, it is important to note that 82 % of VLBW infants included in our study sample were born in a tertiary hospital. Future studies should include an indicator for NICU admission by the birth hospital's perinatal level and evaluate travel times to the hospital of delivery.
One of the main assumptions of our study was that mothers traveled from their place of residence to the delivery hospital. With the exception of planned deliveries, labor is spontaneous and may not begin in the mother's home. In such cases, actual travel times may be longer or shorter. Although only 3 % of infants were geocoded at the zip code centroid, this may have introduced bias in our travel time estimates. Both over-and underestimation of the independent variable may have introduced bias, which might have led to insignificant findings for the association of travel time and neonatal mortality reported in our study.
We were not able to perform logistic regression analyses by neonatal period because of our sample size. In our study population, we found that most neonatal deaths occurred within 24 h after birth. Travel time may not be the most important factor in predicting birth outcomes in the early neonatal period. Conditions arising from complications of pregnancy and labor/delivery may be the most time-sensitive factors, making timely access to care important. However, because of sample size limitations, we were not able to perform additional analyses by causes of infant death. Furthermore, considering that some neonatal deaths within 24 h of births may be reported as fetal deaths rather than live births [9] and these fetal deaths could also be impacted by travel time to hospitals, future research should consider adding in fetal deaths in their analyses.
Conclusion
We did not find an association between travel time and infant mortality among VLBW (500-1499 grams) infants in SC. It is possible that travel time did not impact neonatal mortality because a high proportion of neonatal deaths occurred within 24 h of birth. It seems that the underlying causes of death, particularly in the first 24 h, are not sensitive to access to care but are more closely aligned with other maternal, neonatal or hospital-level factors.
To make more definitive conclusions, future studies should use larger sample sizes that allow for additional exploration into the impact of travel time on mortality by period of infancy, cause of death and among other birthweight categories while also accounting for transfers to advanced care perinatal hospitals prior to delivery and the level of neonatal care received at the hospital of birth. Future research should also include fetal deaths and assess perinatal mortality as the outcome.
Despite insignificant findings between neonatal mortality and travel time to delivery hospital, we identified similar risk factors for neonatal mortality as those reported previously. The information can be used to support existing literature reporting the benefits of advanced medical care for VLBW infants, warrant increased study of maternal factors associated with poor birth outcomes, and prompt additional efforts to evaluate the impact of healthcare access on total infant health.
